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Abstract 
The purpose of this work was to determine the solvent 
chain transfer coefficient for benzene in the catalyzed 
polymerization of vinyl acetate. The initiator was azobis-
isobutyron1trile. 0 Polymerizations were carried out at 50 C 
1 
and one atmosphere pressure in a 0.5 liter four-neck flask. 
The degree of polymerization was determined tor the polyvinyl 
acetate obtained in each run by intrinsic viscosity measure-
ments and the Mark-Houwink equation which relates empiri-
cally intrinsic viscosity as a function of number average 
molecular weight. The solvent chain transfer coefficient 
was found as the slope of the general degree of polymeri-
zation equation for the free radical mechanism and bad a 
value of 0.0039. 
Introduction 
The science of polymer chemistry has achieved signi-
ficant advances in the develo:pnent of synthetic materials 
which serve to function both domestically and technically. 
These materials constttute arrays of newly developed organ-
ic polymers whose physical properties are highly desirable. 
These physical properties such as hardness, softening tem-
perature, flex life, and solubility are to a large extent 
dependent on the molecular weight and its distribution in 
the polymer. Therefore, it is clear that when certain 
properties are desired or ordered, it is necessary to be 
able to control the molecular weight. One way of influenc-
ing the molecular weight distribution is by the use of 
chain transfer agents which in radical chain polymerization 
may be used to restrict the molecular weight to lower 
values than would otherwise be attained. In this case, a 
transfer agent such as a solvent with a transfer constant 
near unity would be sufficient since the rates of consump-
tion of both the solvent and the monomer would be the same. 
Also, chain transfer agents with constants different than 
unity require different initial ratios of agent to monomer 
to a greater or lesser extent from unity depending on the 
value of the transfer constant. 
The purpose of using solvents in polymerization is not 
limited to the influencing of molecular weight but, more 
importantly, they may be used to maintain low viscosities 
2 
in the reaction mass. The viscosity of a bulk polymerlzatioa 
( ', 
~; 
increa1es with the extent of reaction to such a degree that 
materials handling on a large scale may become very diffi-
cult; hence, the use ot solution polymerization requires 
knowing what ettect the solvent bas on the kinetics ot the 
polymerization. 
Having established the importance of solutiob polymer-
ization and the implications of chain transfer agents on 
the molecular weight distributions of free radical polymer-
izations, it was, therefore, the purpose of this work to 
examine a particular monomer and to see what effect a 
selected solvent would have on the degree of polymerization 
as measured by the solvent chain transfer coefficient. 
Specifically, the monomer considered was vinyl acetate, the 
solvent was benzene, and the initiator was azobisisobutyro-
nitrile. These chemical species constitute a system 
apparently not heretofore evaluated with respect to the 
effect of benzene on the polymerization of vinyl acetate. 
3 
The polymerization of vinyl acetate proceeds by a free 
radical mechanism. The generation of free radicals tor the 
system involved in this study is brought about by the thermal 
decomposition of the initiator; 
Since free radical polymerizations follow the kinetics tor 
chain reactions, initiation, propagation, and termination 
reactions must be considered. The initiation of vinyl 
acetate monoradicals proceeds by the addition ot an initi-
ator radical to the double bond ot a monomer: 
(CH3)2-CNC• + CH2: :CH 0 
C: :O 
C 
H 
.., (CH3)2-CNCH-CH2-g• 
C: :O 
C 
Azobisisobutyron1trile is said to have an efficiency 
of 1.0 • 1e. 100% of all the initiator radicals formed 
initiate polymer chains. 
Propagation of the chain formed in the initiation 
step occurs by the successive addition of monomers: 
H - H 
R- ( CH2CHX-) xCH2C • + CH2 : : CHX -~ .. ~ R- ( CH CHX-) CH C • x 2 x+l 2x 
The termination of tree radical species occurs either 
by disproportionation or combination although a particular 
species may terminate by both mechanisms: 
Combination 
Disproportionation 
H H 
-CH C• + •OCH -2x X 2 
where R represents an initiator radical, and X repre-
sents an acetate group. 
,' I 
\ 
-• - -- ·~·--
.~ ·- ·~ ·- - . 
;.. 
Theoretical Discussion 
The average degree or polymerization ot catalyzed, 
solution, free radical polymerization is detined in terms 
of kinetic J8rameters based on the hypothesized mechanism 
or the reaction. Free radical polymerization is a chain 
reaction, and the normal scheme of initiation, proJagation, 
and termination reactions is assumed; however, the mechanism 
tor catalyzed, solution polymerization is extended to include 
reactions which represent a phenomena known as chain trans-
fer. Chain transfer is the process whereby a free radical 
chain carrier reacts with a stable molecule to produce a new 
free radical species. An example of such a reaction is the 
transfer to solvent for solution polymerization: 
M• + SH _ _..., . S, + RH 
where M• is any polymer free radical, and Sis a solvent 
molecule. Similar reactions may be written for chain trans-
fer to monomer and initiator. Although the polymer free 
radical chain, M•, is temporarily terminated, it may be 
reactivated depending on the reactivity ot the new free rad-
ical s~cies, S• , thereby establishing the kinetic impor-
tance of chain transfer. 
Oombin1ng the concept ot chain transfer with the usual 
reactions tor a chain-type reaction, the following mechanism 
is commonly proposed to describe the kinetics of catalyzed, 
sol~tion, tree radical polymerizations 
( 
5 
where 
6 
2 Mi k1 2 Xi' 
CAT 2 R• 
2 R• Non-radical Products 
2 R• + 2 Mi ka 2 Mi + 2 R 
M• + I\ 
kp 
• M•M• 
M• + Ml ktr Polymer + M• 
M• + M• 
ktd Two Polymer Molecules 
- (Disproportionation) 
M• + M• 
ktc One Jolymer Molecule 
(Combination) 
M• + CAT k1 Polymer + R• 
M• + S kts Polymer + S• 
ki - the specific rate constant for the thermal -
initiation of monoradicals from monomer 
molecules, 
kd - the specific rate constant for the formation 
of two initiator free radicals from one mole 
of initiator, 
kr - the specific rate constant for the termination 
or initiator tree radicals into non-radical 
products. 
ka = the specific rate constant tor the tormation 
ot two monoradicals trom two initiator radicals. 
kp = the apecitic rate constant tor the propagation. 
ot polymer tree radicals, 
I 
~ . 
ktr = the specific rate constant for chain transfer 
to monomer. 
ktd = the specific rate constant for the termination 
of polymer free radicals by disproportionation. 
ktc = the specific rate constant for the termination 
of polymer free radicals by combination. 
kI = the specific rate constant for chain transfer 
to initiator. 
kts = the speo1f1o rate constant for chain transfer 
to solvent. 
The rate of formation of monoradicals is written as, 
d(M ,) 
dt 
where f' represents the fraction of initiator radicals 
consumed to form monorad1cals. 
Accordingly, the rate of disappearance of polymer 
radicals oan be written as, 
(1) 
(2) 
(~) 
For steady-state conditions the assumption is made that 
the rate of formation1 of polymer radical, 11 equal to the 
rate ot disappearance of polymer radicals. Solving tor (II•) 
aooording to the a1aumption, 
k1(k) 2 +kd(OAT)t 
ktc + ktd 
( M •) - Concentration ot 
polymer radicals 
The overall rate ot polymerization can be written as 
the rate of disappearance or the monomer: 
(4) 
(5) 
Substituting for the concentration or polymer free radicals, 
The average degree of polymerization, DP, or the aver-
age number of monomeric unite per polymer molecule is defined 
as the rate of disappearance or the monomer divided by halt 
the rate of formation of chain ends. Half the rate of forma-
tion of chain ends is written as the following: 
where factors of one-half are included in the rate constants. 
Therefore, the degree or polymerization is, 
8 
2 ! _ !, _ ktr(M•)(M) + (ktd +ktc)(M,) + kI(Me)(CAT) + kt (M,)(5) 
- DP-
8 
p . 
kp(M• )(M) 
(8) 
!. = ~ + ~ (OAT) + ~ ,W. t littd ikto] k (ll•)(M) (9) 
P kp kp (M) kp (M) t kp. P (M)2 
where CM' c1, and 08 are the chain transter constants tor 
the monomer, initiator, and solvent respectively. (CAT), (M), 
and (5) represent the respective concentrations ot initiator, 
monomer, and solvent in units ot moles per liter. 
and (11) 
It is easily seen that it one varies (6)/{M) at two 
ditterent but constant values ot (!)/{M), all three transfer 
, constants may be determined in two sets or experiments by 
plotting [~- A(:~] versus (B)/(M), The resulting line-
ar plots yield c8 as the elope and [CM+ c1fit] as the 
intercept. 
I 
9 
A s1mplif1cat1on 1n equation {10) is made if the transfer 
constant for the initiator 1s negligible or zero. In which 
case equation {10) reduces to the following: 
The above equation is appropriate to the chemical system 
whose study this P1,per represents since the catalyst used 
was AIBNa• AIBN has been tound to have a chain transfer 
constant ot zero valueb' 
a, AIBN is the contraction tor azobi1iaobutyronitrile, 
b. ltet1renoe 9. 
(12) 
Therefore, the evaluation ot the chain transfer con-
stant tor the solvent, benzene, is made by determining the 
effect om the rate and degree ot polymerization by the 
molar ratio of solvent to monomer. ie. Plotting[! -~ l 
. P (M)2j 
versus (S)/(M) yields a slope of CI and an intercept of CM. 
The constant, A, may be found from specific reaction rate 
constants determined from bulk polymerizations of vinyl 
acetate. (See appendix) 
The overall rate of polymerization is defined in equa-
tion (6) as: 
10 
~ 
- dt 
1/2 
k1(M) 2 t kd(OAT)f 
ktd + ktc 
(13) 
It the rate of formation of monorad1cals due to thermal 
initiation is negligible relative to the other specific 
rates, and the initiator efficiency is equal to 1.0 as it 
is for AIBN, then equation (13) can be rewritten as: 
RP = kp(M) [ kd(~:T'f /2 (14) 
where kt combines both mechanisms of termination into 
one oons.tant. Henoe, the overall rate of polymerization 
1s proportional to the initiator concentration to the one-
halt power and to the first, power of the monomer concentra-
tion 1f the initiator etfioiency takes on a high Talue and 
is independent of the monomer concentration. Furthermore, 
it the initiator concentration remains fairly constant 
during the course of the reaction, the polymerization 
follows first-order kinetics. ie. The rate ot polymeriza-
tion is directly proportional to the monomer concentration 
and is constant with respect to time. 
If, however, the specific rate constants involved in 
equation (14) are not available, the overall rate of poly-
merization may be found by averaging the specific rate over 
the total time taken tor the reaction: 
11 
d(M) 
R = --p dt 
Mr - Mo 
At ( 11.5) 
where M
0 
is the initial concentration of monomer, and Mr 
is the final concentration of monomer in the reaction mass. 
The determination of the overall rate by this method'is 
only valid, of course, if the polymerization follows first-
order kinetics. 
Apparatus and Procedure 
Experimentally the investigation consisted ot three 
phases of activity: purification of the monomer and initi• 
ator, polymerization of the monomer, and the determination 
of the degree and overall rate ot polymerization. 
12 
'~, The vinyl acetate was supplied by the Celanese Corpora-
\ tion and contained hydroquinone as an inhibitor against 
self-polymerization. The purification of the monomer was 
carried out by washing the vinyl acetate with water to remove 
the inhibitor and drying over sodium sulfate followed by 
distillation under vacuum and nitrogen. The fractionation 
of the vinyl acetate was done in approximately 300 milli-
liter quantities 1n a 34" x 3/8 11 column packed with stain-
less steel helix rings. The column was fitted with a Liebig 
distillation head, and the receiver was contained in a Dewar 
0 flask maintained at O c. Vacuum was supplied to the column 
by means of an aspirator and was measured at the bottom of 
the column by a manometer. The total pressure in the dis-
tillation flask was kept at 110 mmHg (25.6 1nHg vacuum) 
which allowed boiling of the monomer at 25 °o. The use of 
vacuum distillation was important so as to permit a lower 
boiling point and thus prevent thermal polymerization 1n 
the boiling flask. ; 
High purity nitrogen was leaked into the bolling flask 
during distillation to promote a relatively oxygen-free 
atm~sphere that would otherwise lead to the formation of 
undesirable oxidation compounds in the distillate. 
The purified, monomeric vinyl acetate was stored at O 0o 
and in the absence of light to minimize any self-polymeriza-
tion that might occur due to thermal or photo ettects. 
The catalyst, azobisisobutyronitrile, was pro~ided by 
E. I. DuPont de Nemours and Com}Bny, Inc. and was purified 
by recrystallization from methanol to a melting point of 
103 °c. The purified catalyst was also refrigerated in the 
absence of light to prevent degradation. 
Polymerization of the monomeric vinyl acetate was 
l carried out in a 0.5 liter, four-neck flask fitted with a 
glass stirrer shaft and Teflon blade, a reflux condenser, 
a mercury column for temperature control, and an auxiliary 
thermometer (see fig. 1). All polymerizations were made at 
50 ± 0.2 °c and one atmosphere pressure with temperature 
controlled by the mercury column oonneoted to a relay which 
activated a heat-gun whose nozzle was directed at the reac-
tion vessel. 
At the beginning of eaoh run, the appropriate quanti-
ties of monomer, solvent, and initiator were measured accor-
ding to the compositions shown in Table 1. Benzene was first 
introduc~d into the reaction vessel and brought to 50 °o. 
Next, both the vinyl acetate and AIBN were introduced, and 
the reaction time was initialized when the reactor contents 
reached the prescribed temperature. Reaction times varied 
trom two to tour hours at the end or which time 0.5 gram• ot 
h7droquinone were introduced into the reaction vessel in 
14 
order to stop the polymerization by quenoh1ng essentially 
all the tree radical species existing at that time. Also at 
the end of the reaction the heat-gun was switched to promote 
rapid cooling of the reactants so as to decrease the reaction 
rate by rapidly decreasing the temperature. 
During the course of each polymerization, nitrogen was 
fed to the reactor to provide an oxygen-tree atmosphere above 
the reactants thereby avoiding the formation of unwanted 
oxidation products in the reaction mass. 
0 When the reactor contents had cooled to 25 C, the 
reaction mass was separated into two parts with the volume 
and weight of each fraction measured carefully. In this way 
a material balance could be made to be sure that concentra-
tions were not affected by material losses due to vaporiza-
tion. The reflux condenser whose coolant water was normally 
8 °c minimized material losses to less than two percent by 
weight for ~oat oases. 
For each run a 100 milliliter portion of the reaction 
mass was fractionated in the distillation column described 
previously in order to determine the final concentration 
of vinyl acetate monomer in the reaction mass. The remain-
ing portlon of the reaction mass was washed with water to 
remove the hydroquinone and evaporated under vacuum to yield 
the polyvinyl acetate in an amorphoua state. 
The degree of polymerization of the polyv1Dfl acetate 
was determined from the number average molecular weight. 
The ·average molecular weight of the polymer was found from 
15 
measurement ot the intrinsic viscosity of the polymer in 
acetone solutions at 25.±0.01 °c and the application of the 
Mark-Houwink equation which defines empirically the intrinsic 
viscosity as a function ot the number average molecular 
weight in the following torm: 
where 
a 
n = (K)M 
n = the intrinsic viscosity 
M = the number average molecular weight 
and Kand a are constants determined empirically and 
depend upon the type of polymer, the solvent, and the temp-
erature at which the intrinsic viscosity is found. For poly-
vinyl acetate in acetone at 25 °c, the values for Kand a are: 
-4 K = 1.83 X 10 
C 
ac = 0.65 
Intrinsic viscosity is defined in the following way: 
n = limit nsp/C 
c-o 
where n
8
P is the specific viscosity of the polymer solution, 
and c- is the concentration of the polymer solution in units 
of grams· of polymer per 100 milliliters of solution. Empiri-
cally the intrinsic viscosity was found by plotting the 
specific viscosity divided by the concentration versus the 
c. The values ot these constants were provided by the 
Electro Chemicals Dept. ot E. I. DuPont de Nemours & Co •• 
concentration and extrapolating the linear tunotion to 1nti-
n1te dilution which yields the intrinsic viscosity as the 
intercept. 
16 
J , 
Motor 
Reflux 
Condenser 
Auxiliary apparatus 
not shown inoludeea 
Relay 
Heat-Gun 
variac 
17 
Leads to Relay 
Mercury Column 
Thermometer 
Reaction 
Vessel 
Reference Thermometer 
· Figure l 
Diagram of Apparatus 
Compound Symbol 
Vinyl Acetate M 
Benzene s 
Azobisisobu- I 
tyron1tr1le 
Run No. M ( gms) 
1 100 
2 100 
' 
75 
4 50 
Table I 
Data Input 
Molecular 
Formula Weight 
OH3oo20H:OH2 86.09 
06H6 78.11 
(CH3) 20HON-N::N-NOHO(OH3)2 164.20 
Molar Ratios 
S ( gms) I ( gms) S/M I/M 
90.6 0.762 1 40xlo-
4 
181.2 0.762 2 40xlo-
4 
204.0 0.573 3 40xlo-4 
179.6 0.380 4 40xlo-
4 
18 
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Results 
Four runs were made altogether at tour different 
compositions as indicated in Table I. The yellowish-brown, 
spongy polymer obtained in each run was dried and analyzed 
acco.rdlng to the intrinsic viscosity theory described in the 
preoe41ng section. The intrinsic viscosities are listed in 
Table II along with the viscosity average molecular weights 
as determined by the Mark-Houwink relation given as equation 
(16). The average degrees of polymerization were found by 
dividing the respective/number average molecular weights by 
( 
the molecular weight of the monomeric vinyl acetate. 
The value of the constant, A, as de.i:"ined in equation (11) 
was determined by evaluating the specific rate constants 
0 
at 50 C. These rate constants were found in the 11teratured 
and are listed in the appendix. The overall rates of poly-
merization were found for each run according to equation (14) 
2 
thereby permitting the evaluation of the A Rp/M term in 
in equation (12). A sample calculation for run number 2 is 
shown in the appendix. 
[~ _ A:~J is sholl?I plotted as a tunotion of the molar 
ratio of solvent to monomer in figure 2. It is immediately 
olear th&t a linear dependenoe of [j -':~] on (S)/(~) 
is shown by three data points at (8)/(M) = 2, 3, and 4 
while the data point at (S)/(M) = 1 disagrees grossly with 
d. Reference 10 
' •• • ,! ·-•-~ • 
20 
the expected correlation. The intrinsic viscosity tor 
this run is noted to be one order of' magnitude greater 
than those of' the other runs. The reason for this 1s not 
clear; however, a possible explanation may be that as the 
relative solvent concentration approaches zero ( ie. bulk 
polymerization), the absence of' chain transfer to solvent 
permits much higher molecular weight molecules to be formed. 
Returning to the linearity exhibited by the other 
three data points, a "best" curve can be drawn to evaluate 
the chain transfer constant for the solvent. The slope of 
this "best" curve is found to be 0.00390 and is, therefore, 
the experimentally determined value of the solvent chain 
transfer constant, 08 • In comparison, the solvent chain 
transfer coefficients of benzene in styrene and methyl 
0 -4 -4 
methacrylate at 80 Care 0.059 x 10 and 0.075 x 10 
respectively. (reference 2) 
The intercept of figure 2 is, by equation {12), the 
chain transfer constant for the monomer and is tound to be 
o.on.50. This may be compared to a value of 11about 11 0.002 
as reported by Matheson et al. {10). 
Based on the value of the solvent chain transfer 
coefficient determined in this study, a large amount of 
benzene would be required to maintain a constant value of 
(S)/(M) during the polymerization. The reason for this 
can be seen by examining the definition ot the solvent 
chain transfer coefficient: 
i 
I 
i 
1.i 
I 
~ ·~,-----~---_,,,,-_ 
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If c5 is lees than unity, the rate ot propagat1on ot 
polymer radicals is greater than the rate of chain transfer 
to the solvent. Moreover, the rate ot monomer consumption 
is greater than the rate or consumption of the solvent; 
hence, the relative concentration of solvent to monomer is 
not constant. 
Industrially, then, benzene appears to be a. poor solvent 
for the solution polymerization of vinyl acetate due to the 
large capacity requirements placed upon the process equip-
ment by the low valued solvent transfer coefficient. 
r 
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Sample No. 
1 
2 
3 
4 
Sample No. 
1 
2 
3 
4 
Table II 
Experimental Results 
2:, 
Reaot1on 
Time 
Intrinsic 
Visoosity 
{lb/ft-sec) 
Visooslty Average 
Molecular Weight 
{hrs) 
2 
3 
4 
3.5 
0.045 
0.0065 
0.0060 
0.0050 
Average Degree 
of Polymerization 
337 
48.6 
40.7 
37.2 
1 
-
-p 
0.00297 
0.0206 
0.0246 
0.0269 
29,000 
4,180 
3,500 
3,200 
A~ 
{M)2 
31.5 X 10-5 
. -5 
44.6 X 10 
59.3 X 10-5 
73.5 X 10 -5 
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The following are the respective specific rate constants 
for the proi8,gation and termination of polymer radicals as 
reported 1n reference 10: 
kp : 2.43 x 108 e-7320/RT 
2kt : 4 .16 x 1011 e -s24o/RT 
The specific rate constant for the decompoe1t1on of AIBN 
was reported in reference 1 to be: 
-4 -1 1.2 x 10 min. @ 50 °c 
The calculation of intrinsic viscosity, average mole-
cular weight, the constant A, and the overall rate of poly-
merization for run number 2: 
The intrinsic viscosity for the polyvinyl acetate 
obtained 1n run #2 1a by definition the intercept at infinite 
dilution from figure 3: n = 0.0065 
The Mark-Houwink equation relating empirically the 
intrinsic viscosity as a function of molecular weight 1s: 
n : 1.83 X 10-4 M,,0•65 
ln(My) 
ln(M,,) 
MV 
-4 
ln( n) _ ln(l.83 x 10 ) 0~65 
ln(0.0065) + 13.37 = 8.33 
4180 '\ 
.I'. ' 
·' 
~' 
r--· 
The average degree of polymerization 1s the average 
number of monomers per polymer molecule: 
4180 = 48 6 86.09 • 
0.0206 
Caloulatlon of the constant, A: 
A 
A 
ktd + ktg 
k2 p 
2•08 x 1011 8 -5240/RT _ 
(2.43 x 108 e-7320/RT)2 -
For R - 1.98 cal/ gmole °K 
T 323 °K 
The overall rate of polymerization ls given by: 
8.44 
28 
For f: 1, . R : p 
3 1.2 X 10 X 4o X 10 [ -4 -4] 1/2 2.12 X 10 5.61 X 107 M 
RP : 19.6 x l0-5(M) 
For run I 2, (M) = (M) 0 = 3.71 moles/liter 
A(~= 
8.44 X 19.6 X 10•5 
(M) 
-5 
165.5 X 10 : 44.6 X 10-5 
:,.71 
,. 
'1 
[,' 
\ H 
~,. 
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